Background: Cells lacking c-Myc demonstrate metabolic abnormalities marked by reduced glycolysis, oxidative phosphorylation, and proliferation. Results: These cells preferentially utilize fatty acids as energy-generating substrates and reprogram other pathways to maximize acetyl-CoA and ATP production. Conclusion: Despite these compensatory changes, basal levels of acetyl-CoA and ATP remained low. Significance: Therapies that limit acetyl-CoA availability might represent novel ways of inhibiting tumor cell growth. . 3 The abbreviations used are: TCA, tricarboxylic acid; Oxphos, oxidative phosphorylation; FAO, fatty acid ␤-oxidation; LCFA, long-chain fatty acid; MCFA, medium-chain fatty acid; PDH, pyruvate dehydrogenase; ETF, electron transfer flavoprotein; AMPK, AMP-dependent protein kinase; AceCS2, acetyl-CoA synthase 2; ACADVL, very long-chain acyl-CoA dehydrogenase; ACADM, medium-chain acyl-CoA dehydrogenase; PDK1, pyruvate dehydrogenase kinase 1; PKM1, pyruvate kinase isozyme M1; PDP2, pyruvate dehydrogenase phosphatase 2; ACC1, acetyl-CoA carboxylase 1.
myc ؊/؊ rat fibroblasts (KO cells) differ from myc ؉/؉ (WT) cells and KO cells with enforced Myc re-expression (KO-Myc cells) with respect to mitochondrial structure and function, utilization of glucose and glutamine as energy-generating substrates, and ATP levels. Specifically, KO cells demonstrate low levels of glycolysis and oxidative phosphorylation, dysfunctional mitochondria and electron transport chain complexes,
and depleted ATP stores. We examined here how these cells adapt to their energy-deficient state and how they differ in their uptake and utilization of long-and medium-chain fatty acids such as palmitate and octanoate, respectively. Metabolic tracing of these molecules showed that KO cells preferentially utilize them as ␤-oxidation substrates and that, rather than directing them into phospholipids, preferentially store them as neutral lipids. KO cell transcriptional profiling and functional assays revealed a generalized up-regulation of pathways involved in fatty acid transport and catabolism as well as evidence that these cells attempt to direct acetyl-CoA into the tricarboxylic acid (TCA) cycle for ATP production rather than utilizing it for anabolic purposes. Additional evidence to support this idea included the finding that AMP-dependent protein kinase was constitutively activated in KO cells. The complex control of pyruvate dehydrogenase, which links glycolysis to the TCA cycle, was also maximized to ensure the conversion of pyruvate to acetyl-CoA. Despite these efforts to maximize acetyl-CoA for energy-generating purposes, its levels remained chronically low in KO cells. This suggests that tumor cells with Myc deregula-tion might be susceptible to novel therapies that limit acetyl-CoA availability.
Cells dividing rapidly in response to normal or oncogenic signals have metabolic profiles distinct from those of their quiescent counterparts. Because they must coordinate mass accretion and division, they devote considerable resources to generating macromolecular precursors (1, 2) . To support these processes, they must also be equipped to generate large amounts of ATP, usually by increasing glucose and glutamine utilization by the TCA 3 cycle (3) . Given this increased demand for energy and the fact that many of the macromolecular precursors originate from glycolytic and TCA cycle intermediates (1, 2) , dividing cells undergo a process of metabolic reprogramming whereby the shunting of these intermediates into anabolic pathways assumes a more prominent role than during quiescence. An example of this occurs with the Warburg effect whereby glycolysis, normally utilized by resting cells to generate ATP anaerobically, continues to function aerobically to supply certain essential amino acids, nucleotides, and pentose sugars for macromolecular biosynthesis (2) (3) (4) .
The dependence of dividing cells on the Warburg effect has occasionally been misconstrued as indicating that they minimize energy production via oxidative phosphorylation (Oxphos). In fact, provided sufficient oxygen, both glycolysis and Oxphos are often concurrently increased in tumor cells (5, 6) . A particularly instructive example of this occurs with Myc oncoprotein deregulation, which, in addition to stimulating glycolysis, also increases mitochondrial mass, Oxphos, and electron transport chain function (7, 8) . Although basal ATP levels do not change, its half-life is shortened (8) and likely reflects its increased utilization for anabolic processes. In contrast, Myc-deficient cells, such as myc Ϫ/Ϫ rat fibroblasts (KO cells) (7) , have dramatically lower ATP levels and turnover that correlate with reduced glycolysis, Oxphos, replication, and cell mass relative to their myc ϩ/ϩ WT counterparts or to KO cells whose Myc expression is restored (KO-Myc cells) (8) . The mitochondrial changes documented in KO cells include an overall paucity of these organelles, atrophy of those that remain, and structural and functional electron transport chain defects (7, 8) .
The enhanced utilization of glucose and glutamine that accompanies Myc overexpression correlates with increased uptake of these substrates and their consumption in the glycolytic pathway and TCA cycle, respectively. Myc positively regulates a majority of glycolytic enzymes and increases the conversion of glutamine to glutamate and ␣-ketoglutarate by both transcriptional and post-transcriptional mechanisms (3, 4, 9) .
Another highly efficient energy source derives from mitochondrial fatty acid ␤-oxidation (FAO), which, like glycolysis, yields acetyl-CoA, the entry level TCA cycle substrate. During proliferation, the immediate downstream product of acetyl-CoA, citrate, can also be converted back to acetyl-CoA in the cytoplasm where, in ATP-consuming processes, it can be used for de novo lipid or steroid biosynthesis (10, 11) . Although considerable effort has been devoted to delineating the means by which glucose and glutamine metabolism are regulated by Myc (3, 4, 9) , our understanding of how Myc supervises the transport, directionality, and metabolism of fatty acids and their catabolites remains incomplete. In the current work, we have studied how WT, KO, and KO-Myc rat fibroblasts differ in this regard. Our studies indicate that, in an apparent effort to compensate for their ATP deficit and poor utilization of glucose and glutamine as energy-generating substrates, KO cells preferentially transport and oxidize long-chain fatty acids (LCFAs) such as palmitate. The channeling of LCFAs into the TCA cycle is facilitated not only by the up-regulation of enzymes involved in their transport and ␤-oxidation but also by a concurrent downregulation of acetyl-CoA consumption for anabolic purposes. Because KO cells oxidize LCFAs more rapidly, their rate of incorporation into neutral lipids is lower than that of WT or KO-Myc cells. These latter cells utilize their neutral lipid stores for anabolic purposes to a greater extent, whereas KO cells eventually accumulate a higher stored neutral lipid content. Similar studies, which traced the fate of the freely diffusible medium-chain fatty acid (MCFA) octanoate and the two-carbon molecule acetate, indicated that their metabolism was also altered to maximize their conversion to acetyl-CoA. The importance of acetyl-CoA as a critical metabolic intermediate that links these opposing functions was further underscored by demonstrating that its supply is also regulated by additional Myc-dependent enzymes including pyruvate dehydrogenase (PDH), which converts pyruvate to acetyl-CoA; acetyl-CoA acetyltransferase (Acat1/2), which participates in FAO and directs the catabolism of certain amino acids into acetyl-CoA; and acetyl-CoA synthase 2 (AceCS2) and cytoplasmic acetyl-CoA hydrolase (cACH), which regulate the balance between acetate and acetyl-CoA. Despite these compensatory changes, KO cells remained profoundly depleted of acetyl-CoA. Collectively, these studies identify adaptive pathways through which exogenous fatty acid substrates, ranging from LCFAs to simple two-carbon units, can be converted to acetyl-CoA, which in KO cells is then preferentially directed toward replenishing ATP. KO cells resort to multiple strategies to correct their acetyl-CoA and ATP deficits. These include generating acetyl-CoA from multiple sources, redirecting it into an otherwise compromised TCA cycle, and minimizing its use for purposes other than ATP generation.
EXPERIMENTAL PROCEDURES
Cell Culture-All cell lines were routinely maintained as described previously (8) . KO-Myc cells were generated through the use of stable transduction with a lentiviral vector encoding a full-length human Myc cDNA (8) . A549-shMyc cells were generated by infecting A549 human alveolar lung cancer cells with a pTRIPZ lentiviral vector encoding red fluorescent protein and an shRNA directed against human Myc, both of which were tetracycline-inducible (Thermo Fisher). All lentiviral packaging and infections were performed as described previously (12) under BSL2 ϩ conditions and were approved by the University of Pittsburgh Biosafety Committee. Stable transfectants were selected and maintained in puromycin-containing medium (1 g/ml) as described above.
[ 14 C]Palmitate and [ 14 C]Octanoate Uptake and ␤-Oxidation Studies-FAO was quantified as described previously (13) . Briefly, 2 ϫ 10 4 WT and KO-Myc cells and 4 ϫ 10 4 KO cells (all Ͼ90% viable) were seeded into 24-well tissue culture plates and allowed to attach overnight. The following day, medium was removed, and the cells were incubated at 37°C for 30 min. in PBS. 200 l of fresh PBS containing 1 mM carnitine (Santa Cruz Biotechnology, Santa Cruz, CA) and 0.2 Ci of BSA-bound [1-14 C]-palmitate (specific activity ϭ 32 mCi/mmol) (Perkin-Elmer) or 0.1 Ci of [ 14 C]octanoate (specific activity ϭ 55 mCi/ mmol) (American Radiolabeled Chemicals, St. Louis, MO) were then added. 14 CO 2 was collected onto filters soaked in 0.6 N KOH, which were placed in a collection apparatus made from a 0.4-ml Eppendorf tube and maintained under an air-tight seal at 37°C for 2 h (14). The medium was then acidified by adding 20 l of 6 M perchloric acid to release additional dissolved CO 2 . Filters were removed after 60 min, and released 14 CO 2 was quantified from quadruplicate samples on a Beckman LS6500 scintillation counter. Counts were adjusted so as to normalize for any differences in total protein content among the three groups of cells (generally Ͻ10%). p values were calculated using one-way analysis of variance followed by Bonferroni's post hoc comparisons test. To measure [ 14 C]palmitate and [ 14 C]octanoate uptake, cells were plated as described above the day prior to labeling. Monolayers were washed twice with PBS and then incubated in fresh PBS (200 l) for 30 min. Fatty acid-free BSAbound [ 14 C]palmitate (0.2 Ci/well) with 1 mM carnitine was incubated for the appropriate time periods. After thorough washing, the cells were lysed in 160 l of 5% SDS and subjected to scintillation counting as described above. Results from triplicate samples were normalized to protein content. All experi-ments were repeated two additional times with comparable results.
Incorporation of [ 3 H]Palmitate, [ 14 C]Octanoate, and [ 14 C]
Acetate into Lipids-Cells were plated as described for oxidation studies except that tritiated palmitate was utilized (13) . The next day, they were starved for 1 h in PBS and then labeled for 1 h in 200 l of fresh PBS containing 0.5 Ci of BSA-bound [9,10-3 H]palmitate (specific activity ϭ 32 mCi/mmol) (Perkin-Elmer), [ 14 C]octanoate (0.1 Ci) containing 1 mM carnitine, or 0.2 Ci of [ 14 C]sodium acetate (PerkinElmer, specific activity ϭ 54.3 mCi/mmol). The cells were then washed twice in warm PBS, and fresh PBS with 1 mM carnitine was added for 2 h. Cells were then lysed with 25 l of 6 N KOH, and an organic extraction was performed in 1 ml of methanol:chloroform (1:1), which was then removed and dried under nitrogen. After adding ice-cold acetone to the dried lipid film and incubating at Ϫ20°C overnight, the phospholipid pellet was separated by centrifugation (14,000 ϫ g, 30 min at 4°C). Both neutral lipids and phospholipids were redissolved in 50 l of chloroform for quantification. The labeled fractions were quantified by scintillation counting as described above. Each assay was performed in triplicate, and p values were calculated using two-way analysis of variance followed by Bonferroni's post hoc comparison.
Enzyme Assays-Measurements of very long-and mediumchain acyl-CoA dehydrogenase activities (ACADVL and ACADM, respectively) in cell-free extracts were performed using the anaerobic electron transfer flavoprotein (ETF) fluorescence reduction assay as described previously (15) . Measurements were performed with an LS50B fluorescence spectrophotometer (PerkinElmer) with a heated cuvette block set to 32°C. One unit of activity was defined as the amount of enzyme necessary to completely reduce 1 mol of ETF in 1 min. Each assay was performed in duplicate, and one-way analysis of variance tests followed by Bonferroni's post hoc comparisons tests were performed in all statistical analyses. Assay results were adjusted to account for previously determined differences in mitochondrial mass based on staining with 10-n-nonyl-acridine orange (8) .
PDH activity was quantified using an enzyme activity microplate assay kit (MitoSciences, Eugene, OR). Five nearly confluent 100-mm plates of cells were harvested by trypsinization, washed twice in PBS, flash-frozen in liquid nitrogen, and stored at Ϫ80°C until ready to assay. Each assay utilized 1 mg of total cellular protein in 200 l of the buffer provided by the supplier. The remainder of the assay was completed according to the supplier's protocol.
Visualization and Quantification of Neutral Lipids-Cells were plated in 12-well dishes containing sterile glass coverslips and cultured overnight. They were then washed once in PBS and stained with BODIPY-493/503 neutral lipid stain (Molecular Probes/Thermo Fisher: final concentration ϭ 10 g/ml) in complete DMEM for 30 min at 37°C. After washing in PBS, the cells were fixed for 30 min at room temperature in PBS, 2% paraformaldehyde, and permeabilized in PBS, 0.1% Triton X-100 for 5 min. After three additional washes in PBS, the coverslips were blocked in 1% BSA for 30 min and co-stained with 0.165 mg/ml Texas Red phalloidin (Life Technologies) and 0.1 mg/ml DAPI nuclear stain (Sigma-Aldrich) final concentration and then mounted. Representative fields were imaged on an Olympus IX81 motorized inverted confocal microscope using Olympus FluoView software (Version 2.1c).
Neutral lipid content was quantified using a modification of a previously described protocol (16) . Briefly, 10 6 cells were trypsinized, collected in PBS, and stained at 25°C for 30 min in the dark using BODIPY-493/503 (final concentration ϭ 10 g/ml in complete DMEM). Flow cytometry was performed using a FACStar flow cytometer (BD Biosciences). Each experiment was performed in triplicate with similar outcomes. Oil Red O staining was performed using standard histologic techniques following growth of cells on coverslips, which were airdried and stained with both Oil Red O and H&E.
Immunoblotting-Western blots were performed as described previously (8) . Antibodies used included those for total AMP-dependent protein kinase (AMPK) (rabbit polyclonal IgG, 1:1,000, Cell Signaling Technology, Beverly, MA, catalog number 2532); phospho-AMPK (phospho-Thr 172 ) (rabbit monoclonal IgG, 1:2,000 Cell Signaling, catalog number 4188); PDHE1 (mouse monoclonal IgG, 1:1,000, Santa Cruz Biotechnology, catalog number SC-377092); phospho-PDH (phospho-Ser 293 ) (rabbit monoclonal IgG, 1:10,000, EMD Millipore, Billerica, MA, catalog number ap1062); pyruvate dehydrogenase kinase 1 (PDK1) (rabbit monoclonal IgG, 1:1,000, Cell Signaling, catalog number 3820); and pyruvate dehydrogenase phosphatase 2 (PDP2) (rabbit polyclonal IgG, 1:500, BioVision, Inc., Milpitas, CA catalog number 3944). Endogenous Myc protein was assessed with the mouse monoclonal antibody 9E10 (Santa Cruz Biotechnology) as described previously (8) . Protein loading was confirmed using a ␤-actin mAb (1:2,000, Santa Cruz Biotechnology catalog number 3700). Blots were developed using a SuperSignal TM West Pico chemiluminescent substrate kit (Thermo Fisher).
RNA Isolation and Real-time Quantitative RT-PCR-RNA was isolated from 80 -90% confluent cell culture wells using a Qiagen RNeasy mini kit, according to the manufacturer's instructions (Qiagen, Inc. Chatsworth, CA). Residual DNA was removed using a TURBO DNA-free TM DNase treatment and removal kit (Life Technologies). PCR reactions were conducted with a Power SYBR Green RNA-to-CT TM 1-Step kit (Life Technologies), using a StepOnePlus TM real-time PCR system (Applied Biosystems, Inc. Carlsbad, CA). Quantitative RT-PCR primers were designed using Primer3web software and were synthesized by International DNA Technologies, Inc. (Coralville, IA). Reactions were optimized such that only single bands of the predicted size were visualized upon gel electrophoresis (primer sequences and conditions are available on request). Each quantitative RT-PCR reaction was performed in triplicate with variations among samples seldom exceeding 5%. Statistical analysis was performed using Student's t test.
Acetyl-CoA Assays-Acetyl-CoA was assayed using an acetyl-coenzyme A assay kit (Sigma-Aldrich catalog number MAK039) according to the manufacturer's instructions. Samples were isolated from fresh cell pellets and lysed, and protein was quantified using a Pierce TM BCA protein assay kit (Thermo Fisher). Samples were deproteinized by adding 2 l of 1 N perchloric acid/mg protein, and the resulting supernatant was neutralized by adding 3 M KHCO 3 . Standards were quantified on a c-Myc Reprograms Fatty Acid Metabolism
0 -1 nmol scale, and 50 l of sample was added to each well. The plate was read on a SpectraMax M2 fluorescence plate reader and normalized to protein content. Analysis was performed using a one-way analysis of variance and a post hoc Bonferroni's test of comparisons. Similar results were obtained when cells were simultaneously lysed and deproteinated or when lysates were incubated on ice for prolonged periods. Thus, results were not influenced by exogenous reactions that differentially depleted cells of acetyl-CoA.
RESULTS
Uptake and Oxidation of Fatty Acids by KO Cells-To quantify fatty acid utilization among WT, KO, and KO-Myc cells, we exposed them to 14 C-radiolabeled palmitate or [ 14 C]octanoate as representative LCFAs and MCFAs, respectively (13, 14) . In each case, the 14 C tag resided on the carboxylic acid moiety, which allowed us to test the integrity and interdependence of at least seven distinct enzymatic steps in the ␤-oxidation pathway. These include the placement of the trans-double bond between C2 and C3 by very long-or medium-chain acyl-CoA dehydrogenase, the production of L-B-hydroxyacyl-CoA by enoyl-CoA hydratase, the conversion of L-B-hydroxyacyl-CoA to B-ketoacyl-CoA by B-hydroxyacyl-CoA dehydrogenase, and thiolysis between C2 and C3 of B-ketoacyl-CoA to produce acetyl-CoA. Upon entry into the TCA cycle, 14 C-tagged acetyl-CoA would need to be conjugated with oxaloacetate before eventually surrendering its tag as CO 2 during the conversion of isocitrate to ␣-ketoglutarate. Importantly, LCFA oxidation is also dependent on the rate at which the substrate is actively transported across the plasma and mitochondrial membranes and into the mitochondrial matrix (17) . These steps may not necessarily parallel CO 2 production given that LCFAs can also be stored cytoplasmically as neutral lipids or utilized for anabolic rather than catabolic purposes. MCFAs can be utilized similarly although they enter mitochondria passively without contributing to neutral lipid pools (17, 18) . Thus, differences in MCFA uptake should better reflect the rate of ␤-oxidation. As seen in Fig. 1A , the rate of [ 14 C]palmitate oxidation was similar in WT and KO-Myc cells after adjusting for differences in mitochondrial mass (p ϭ 0.58), but was nearly 25-fold higher in KO cells (p Ͻ 0.0001). Similar studies performed with [ 14 C]octanoate ( Fig. 1B) also showed a Ͼ5-fold higher rate of ␤-oxidation in KO cells. Thus, despite their markedly slower proliferation and their reduced mitochondrial function, KO cells actually utilize a larger amount of LCFAs and MCFAs for energy generation than do their Myc-replete counterparts.
We next asked whether the observed differences in FAO among the above three cell lines were associated with differences in their fatty acid uptake rates. As seen in Fig. 1C , [ 14 C]palmitate uptake was highest in KO cells, in keeping with their overall greater utilization of this substrate for FAO. A higher rate of [ 14 C]octanoate uptake by KO-Myc cells was also consistent with their preferential utilization of this substrate for SEPTEMBER 5, 2014 • VOLUME 289 • NUMBER 36 processes other than FAO (Fig. 1D ). Interestingly, WT and KO-Myc cells showed distinct preferences for LCFAs and MCFAs, with the former cells demonstrating a greater uptake of palmitate than octanoate, whereas the reverse was true for KO-Myc cells. Thus, KO cells have a selective uptake for both LCFAs and MCFAs and utilize them more efficiently as FAO substrates. However, each cell line possesses a distinct pattern of LCFA and MCFA uptake that presumably reflects differential usage for processes other than FAO.
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Differential Utilization of Fatty Acids-The initial stage of FAO involves the iterative insertion of a trans-double bond between the C2 and C3 carbon atoms of the acyl-CoA thioester substrate in a reaction that, for palmitate, is catalyzed by ACADVL and, for octanoate, by ACADM (19) . To determine whether the preferential utilization of palmitate and octanoate for FAO by KO cells could be explained by differences in these enzymes, we measured their activities (15) . As seen in Fig. 2, A  and B , both ACADVL and ACADM activities were increased significantly in KO cells after adjusting to mitochondrial mass, thus providing an explanation for their more efficient utilization of these substrates.
The foregoing studies were designed to evaluate the fate of fatty acids as energy-generating catabolic substrates but did not explain how the acetyl-CoA generated from their catabolism was utilized for anabolic purposes. To address this, we labeled the cell lines with [ 3 H]palmitate and followed the incorporation of its tag into both phospholipid and neutral lipid pools (13) . Because octanoate is not incorporated into neutral lipids, we measured the transfer of its 14 C tag into phospholipids only. The rate of incorporation of the 3 H tag of palmitate into both neutral lipids ( Fig. 2C) and phospholipids (Fig. 2D ) and the [ 14 C]octanoate tag into phospholipids ( Fig. 2E ) was significantly lower in KO cells.
Neutral Lipid Accumulation in KO Cells-Previous studies have shown that N-Myc inhibition in neuroblastoma cells increases their neutral lipid content (20) . We therefore next asked whether fatty acid uptake and utilization were balanced by assessing differences in basal neutral lipid content. Each cell line was stained with the neutral lipid-specific probe BODIPY-493/503 and visualized by fluorescence microscopy to assess its neutral lipid content. WT and KO-Myc cells demonstrated low level accumulation of BODIPY-493/503 in contrast to KO cells in which considerable amounts of the dye could be detected (Fig. 3, A and B) . In other experiments, we confirmed the presence of excess neutral lipid staining in KO cells by Oil Red O staining (Fig. 3C ). Using two different approaches, we confirmed that the accumulation of neutral lipids was a direct and rapid consequence of Myc inactivation. First, treatment of WT cells with the Myc inhibitor 10058-F4 (21) significantly increased BODIPY-493/503 uptake (Fig. 3D) . Additionally, reduction of Myc protein levels in A549 human lung cancer cells using tetracycline-dependent conditional expression of a Myc shRNA produced a similar result (Fig. 3, E and F) . Collectively, these findings support the idea that neutral lipid accumulation in KO cells is a direct consequence of Myc depletion and mitochondrial dysfunction.
To better define the relationship between fatty acid transport and metabolism and the generation and utilization of acetyl-CoA, we utilized real-time quantitative RT-PCR to quantify transcripts encoding the enzymes described above plus select others to allow an overview of the activity of relevant pathways (Fig. 4A ). Transcripts were grouped into six functional categories representing fatty acid transport and FAO, de novo lipid and steroid biosynthesis, neutral lipid storage, and the generation of acetyl-CoA from acetate and pyruvate. This last category included transcripts for the PDH E1 subunit and its regulators, PDK1 and PDP2, which are responsible for the phosphorylation-dependent inactivation and activation, respectively, of E1 (22) . Also included were transcripts for pyruvate carboxylase, which catalyzes an anaplerotic reaction important for gluconeogenesis and lipid biosynthesis and irreversibly redirects pyruvate to oxaloacetate to limit the conversion of the former to acetyl-CoA (23) . We also examined transcripts for the pyruvate kinase isoforms PKM1 and PKM2, which catalyze the irreversible conversion of phosphoenolpyruvate to pyruvate during glycolysis. PKM2 is typically more abundant in rapidly proliferating cells and has a significantly higher K m for phosphoenolpyruvate (24, 25) . This may better allow for the accumulation of upstream glycolytic intermediates, thus facilitating their channeling into collateral, anabolic pathways in support of proliferation-associated mass accretion (25, 26) . Consistent with this idea, the activity of PKM2 is subject to negative regulatory control by ATP and possibly by acetyl-CoA as well (1, 24, 27) .
The results of transcriptional profiling (Fig. 4B ) were largely consistent with our foregoing studies. First, they indicated that KO cells up-regulate transcripts encoding enzymes involved in the production of acetyl-CoA for energy generation while down-regulating those involved in anabolism such as de novo lipid and steroid biosynthesis (Fig. 4A) . One example of the potential precision of this reprogramming in KO cells was seen in the case of the 5-fold change in the relative ratio of acetyl-CoA carboxylase 1 and 2 isoforms (ACC1 and ACC2), which function in fatty acid synthesis and ␤-oxidation, respectively (28) . Also notably up-regulated in KO cells were several transcripts such as phosphatidic acid phosphatase types 2b and c (Ppap2b and Ppap2c) and diacylglycerol acyltransferase 1 (Dgat1), which encode key enzymes involved in the shunting of fatty acids into neutral lipid storage pools (29, 30) .
AMPK Is Myc-responsive-Some of the above discussed enzymes are regulated post-translationally by AMPK, a serine/ threonine kinase that is itself activated by phosphorylation in response to low ATP/(AMPϩADP) ratios (31) . A role for AMPK in maintaining adenosine nucleotide homeostasis stems from its inhibition of ATP-consuming processes such as macromolecular synthesis and cell proliferation along with its stimulation of ATP-generating reactions such as glycolysis and Oxphos (32) . Among the enzymes depicted in Fig. 4 whose activities are down-regulated by AMPK-mediated phosphorylation are ACC1, which catalyzes the conversion of acetyl-CoA to malonyl-CoA in the initial step of fatty acid synthesis; fatty acid synthase (FASN), which converts malonyl-CoA into palmitate; and HMG-CoA reductase (HMGCR), the rate-limiting step in the biosynthesis of cholesterol and other steroids (32) . AMPK-mediated phosphorylation of the palmitate cell surface receptor CD36 has also been reported to increase its rate of cycling between the cell membrane and intracellular compartments, thereby affecting the normal balance between FAO and lipid accumulation in favor of the latter (33, 34) . Finally, although not known to be a direct AMPK target, carnitine palmitoyltransferase I (CPT1) is suppressed by malonyl-CoA, such that ACC1 inhibition by AMPK would likely increase FAO (35) .
To determine whether the altered metabolic pathways of KO cells might be susceptible to post-translational modulation by AMPK, we compared the levels of total and active (Thr 172phosphorylated) forms of AMPK in WT, KO, and KO-Myc WT cells in log-phase growth were exposed to 50 M 10058-F4 (22) for 48 h before being stained with BIODIPY-493/503 and assessed by flow cytometry. The number in the upper left corner is the ratio of the mean intensity of staining of cells with (red) and without (green) 10058-F4 exposure. E, induction of shMyc in A549 cells leads to neutral lipid accumulation. A549 cells (ϳ10% confluency) were allowed to grow for an additional 3 days in the absence (green) or presence (red) of 2.5 g/ml doxycycline before being stained with BODIPY-493/503 as described for B. F, immunoblots demonstrating a reduction in endogenous Myc protein levels following a 3-day exposure to doxycycline (Dox). cells. KO cells showed marked constitutive Thr 172 phosphorylation as well as increased total AMPK levels (Fig. 4C ). These findings are in keeping with the profound ATP deficit of KO cells (8) and suggest that, despite the constitutive activation of AMPK, it is unable to correct the energy deficit.
KO Cells Maximize Their Accumulation of Acetyl-CoA by Increasing Its Production and Decreasing Its Utilization for Purposes Other than TCA Cycle Utilization-The E1 subunit of the mitochondrial PDH complex catalyzes pyruvate decarboxylation, which is the first and rate-limiting step in its irreversible conversion to acetyl-CoA ( Fig. 5A) (36) . In addition to its regulation by PDK1 and PDP2 (22, 37, 38) , PDHE1 is under additional negative feedback control by acetyl-CoA and positive control by ATP by virtue of the inhibitory effect of the latter on PDP2 (39). Furthermore, ATP and ADP exert positive and neg-ative control, respectively, over PDK1 (Fig. 5A ). Although the transcripts encoding these proteins were modestly down-regulated in KO cells (Fig. 4B) , the complexity of PDHE1 post-translational regulation demanded that we actually measure its activity and thereby gauge the overall extent to which it was subject to control by these various and often opposing regulatory factors. As shown in Fig. 5B , KO cells contained approximately eight times as much PDH activity as WT and KO-Myc cells. Although immunoblotting showed modest differences in PDHE1 protein levels among the three cell lines (Fig. 5C ), it demonstrated more dramatically, in both KO and KO-Myc cells, the relative under-phosphorylation of PDHE1 on Ser 293 , the site whose modification by PDK1 and PDP2 most affects its activity (31) . Further consistent with the increased PDH activity in KO cells were their higher levels of PDP2 relative to WT cells. medium-chain fatty acids such as palmitate and octanoate; acetate; and a subset of amino acids that includes tryptophan, lysine, phenylalanine, tyrosine, leucine, and isoleucine. Cytoplasmic acetyl-CoA can also be generated from the mitochondrial TCA substrate citrate in a reaction involving ATP citrate lyase (ACLY) and from acetate by AceCS2. The fate of acetyl-CoA in pathways other than the TCA cycle primarily includes its conversion to malonyl-CoA during fatty acid synthesis. In addition, pyruvate, the direct glycolytic precursor of acetyl-CoA, can be diverted from this pathway by an anaplerotic reaction involving its conversion to oxaloacetate that is catalyzed by pyruvate carboxylase (PC), and palmitate can be diverted into neutral lipids. The activity of PDH, which catalyzes the conversion of pyruvate to acetyl-CoA, is also negatively regulated by PDK1 and positively regulated by PDP2. Based on transcriptional profiling shown in B, enzymes whose transcripts are up-regulated in KO cells are depicted in green, and those that are down-regulated are depicted in red. PEP, phosphoenolpyruvate; FASN, fatty acid synthase; ACH, acyl-CoA hydrolase; HMG-CoAR, HMG-CoA receptor; Acat1/2, acetyl-CoA acetyltransferase 1 and 2, HADH␣/HADH␤, mitochondrial trifunctional protein. B, transcript expression. For simplicity, transcripts and proteins are designated by common acronyms. Transcripts that were significantly up-regulated in KO cells are indicated in green, and those that are down-regulated are depicted in red. The values of transcripts in WT cells were arbitrarily set at 1 (black). Transcripts are arranged according to the functional categories of their representative enzymes. Each value represents the mean of triplicate determinations for each transcript. FA Transport, fatty acid transport; NL storage, neutral lipid storage. C, AMPK is up-regulated in KO cells. Immunoblots of total cell lysates from WT, KO, and KO-Myc cells were probed with antibodies for total AMPK or phospho-AMPK (pAMPK) (phospho-Thr 172 ).
In contrast, no differences in the levels of PDK1 were observed between WT and KO cells. Although KO-Myc cells contained nearly 5-fold lower levels of PDP2 transcripts than WT cells and 60-fold higher levels of PDK1 transcripts (Fig. 4B ), this was not reflected in PDH activity (Fig. 5B ).
Another source of acetyl-CoA is acetate, which, in the whole animal, is typically supplied by bacterial fermentation in the colon, by the metabolic breakdown of acetaldehyde, and by the action of enzymes such as sirtuins and histone deacetylases (40) . Like octanoate, acetate is both freely diffusible and readily available for metabolism in both the cytosol and the mitochondria. Consistent with the notion that KO cells attempt unsuccessfully to normalize acetyl-CoA levels, we note that AceCS2 transcript levels were elevated by nearly 40-fold in KO cells, whereas those for AceCS1 were modestly decreased (Fig. 4B ). AceCS2, a mitochondrial enzyme, converts acetate to acetyl-CoA for utilization by the TCA cycle whereas AceCS1, which is cytoplasmic, is more important for fatty acid synthesis (41) . Thus, the Ͼ60-fold changes in the AceCS1:AceCS2 ratio described above would be expected to greatly favor acetate conversion into acetyl-CoA in the mitochondria. Further consistent with, and perhaps contributing to, the reduced utilization of acetate for fatty acid synthetic pathways was the finding that transcripts for cytoplasmic acetyl-CoA hydrolase, which converts acetyl-CoA back to acetate in the cytoplasm (42), were increased 4.5-fold in KO cells. Indeed, when cells were incubated with [ 14 C]acetate, KO cells incorporated the least amount of 14 C tag, particularly into phospholipids (Fig. 5, D and E) .
Finally, we measured steady-state levels of acetyl-CoA. As seen in Fig. 5F , both KO and KO-Myc cells contained reduced levels of acetyl-CoA relative to WT cells, although the latter did not reach statistical significance. Together with the previous results ( Fig. 4B ), these findings are most compatible with the idea that KO cell metabolism is directed primarily at maximizing the generation of acetyl-CoA for use by the TCA cycle and minimizing its utilization for anabolic reactions. Despite maximal efforts to produce more acetyl-CoA, KO cells remain unable to maintain normal levels of this substrate.
DISCUSSION
Numerous studies support the idea that the importance of Myc in promoting cell proliferation derives in part from its ability to ensure the provision of adequate supplies of anabolic substrates and ATP to support macromolecular syntheses (2-4, 9, 43) . The silencing of Myc is associated with numerous metabolic and proliferative consequences that ultimately can be traced to defects in glycolysis and mitochondrial structure and function (8, 12, 44) . That these factors are rate-limiting for proliferation is supported by findings shown here and elsewhere that, even when provided with adequate energy-gener- SEPTEMBER 5, 2014 • VOLUME 289 • NUMBER 36
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ating substrates such as glucose, glutamine, and fatty acids, KO cells remain chronically ATP-depleted and respond by activating AMPK in a futile attempt to remedy this energy deficit (Fig.  4C ). However, because two of the major responses to AMPK activation include the up-regulation of glycolysis and Oxphos, both of which are Myc-dependent (3, 4, 8, 31) , the AMPK response is ultimately abortive despite its chronicity.
KO cells respond to their ATP deficit by up-regulating FAO and many of the transcripts associated with LCFA uptake, transport, and metabolism (Fig. 4, A and B) . Palmitate oxidation, which begins with ACADVL, is further enabled by the high activity of this enzyme in KO cell mitochondria. Thus, despite their reduced overall mass, atrophic structure, and relatively poor utilization of substrates such as glucose and glutamine (8, 44) , KO cell mitochondria disproportionately oxidize LCFAs. They also contain higher ACADM activity and preferentially oxidize octanoate whose transport into cells and mitochondria, unlike that of palmitate, is passive.
Importantly, the transcriptional profiles depicted in Fig. 4B represent steady-state levels in otherwise isogenic cells that have adapted to long term differences in Myc expression and have distinct metabolic behaviors (7) . Although these differences may not necessarily reflect direct Myc targets (45, 46) , they are nonetheless useful in that they reveal long term strategies employed by Myc-compromised cells to compensate for their inherent metabolic disadvantages. In this regard AMPK, whose level of activation is clearly inversely related to Myc levels ( Fig. 4C) , is a well known regulator of many of the same process controlled by Myc such as FAO, fatty acid synthesis, glycolysis, and Oxphos (31) . However, because the ultimate metabolic function of Myc is to increase ATP synthesis in support of anabolism and proliferation (8) , whereas the function of AMPK is to conserve energy until the ATP:ADP/AMP balance is restored, the integrated effects we observe based on steadystate transcripts may reflect a metabolic compromise between these opposing actions (47) .
In a seemingly paradoxical finding, KO cells were found to possess the highest stores of neutral lipids (Fig. 3 , A-C) despite incorporating the least amount of [ 3 H]palmitate into this compartment (Fig. 2C ). This latter finding is likely attributable to the fact that a large proportion of palmitate entering KO cells is immediately utilized for FAO ( Fig. 1A) , whereas in Myc-replete cells, larger amounts of the fatty acid are directed into neutral lipid pools (Fig. 2C ). The extremely slow rate of KO cell proliferation (7) minimizes the need for these neutral lipid pools to serve as sources for phospholipid synthesis. Reduced demand for neutral lipid mobilization thus permits KO cells to accumulate higher neutral lipid stores despite their lower rates of accumulation. In contrast, WT and KO-Myc cells synthesize phospholipids at higher rates (Fig. 2C ) and thus mobilize neutral lipids much more rapidly for this purpose (Fig. 2D) , thus preventing their accumulation. The highly dynamic nature of neutral lipid stores is further evidenced by the rapidity with which they accumulate following Myc inhibition (Fig. 3, D and E) (20) .
A major finding of the current study is that KO cells, in addition to deriving a considerable fraction of their acetyl-CoA from FAO, also maximize its production from other sources and minimize its utilization for purposes other than energy pro-duction. For example, reduced levels of transcripts involved in fatty acid synthesis such as those for ATP citrate lyase (ACLY), ACC1, and fatty acid synthase support the notion that KO cells minimize their incorporation of acetyl-CoA into lipids. That this down-regulation occurs throughout the pathway and involves its most proximal enzyme (ATP citrate lyase) would seem to favor the retention of citrate within the TCA cycle to ensure its utilization for Oxphos. Further consistent with this was the finding that ACC2, proposed to be more important than ACC1 for FAO (28) , was up-regulated in KO cells, whereas ACC1 was down-regulated. High levels of palmitate within KO cells might further inhibit fatty acid synthesis by virtue of the well known tendency of the substrate to suppress ACC1 (48) . A similar attempt to direct acetyl-CoA away from synthetic pathways was observed with the down-regulation in KO cells of transcripts for HMG-CoA reductase, the rate-limiting enzyme of the mevalonate pathway (49) . Both ACC1 and HMG-CoA reductase are also further suppressed by AMPK (31) . The down-regulation of pyruvate carboxylase also serves indirectly to maximize the availability of pyruvate for conversion into acetyl-CoA by diverting it away from the anaplerotic pathway that furnishes oxaloacetate. Other pathways through which acetyl-CoA production is maximized are up-regulated in KO cells and include those involving its AceCS2-mediated synthesis directly from acetate and the catabolism of selected amino acids by Acat1 and Acat2.
The PDH-mediated conversion of pyruvate to acetyl-CoA provides yet another example of how KO cells attempt to selectively utilize acetyl-CoA for ATP generation (Fig. 5A ). This reaction is particularly noteworthy as it illustrates the complex and interdependent regulation that Myc and adenine nucleotides may exert over acetyl-CoA levels as well as the negative feedback control that acetyl-CoA itself provides. PDH activity, which is increased in KO cells (Fig. 5B) , is positively controlled by the PDP2 phosphatase and negatively controlled by the PDK1 kinase (22, 36 -38) . The net result is PDHE1 dephosphorylation and activation (Fig. 5C ). Nonenzymatic control is exerted by the repressive action of acetyl-CoA; by ATP, which inhibits PDP2 and stimulates PDK1; and by ADP, which represses PDK1 ( Fig. 5A) (22, 36 -38) . Given that the intracellular milieu of KO cells is one in which both acetyl-CoA and ATP levels are low, these small molecules likely exert significant additional influence on PDH activity. The relatively normal PDH activity in KO-Myc cells, despite its hypo-phosphorylation, suggests that factors other than those examined here may play additional roles in its regulation (22) .
Another factor that might also influence acetyl-CoA levels in KO cells is PKM2, whose ability to catalyze the conversion of phosphoenolpyruvate to pyruvate is accelerated by ADP and inhibited by ATP and acetyl-CoA ( Fig. 5A) (24, 25, 50) . Because this reaction is one of only three in the entire glycolytic pathway that is irreversible, it provides a relatively stable source of the substrate. It is noteworthy that both PKM2 and PKM1 are equally up-regulated in KO cells in contrast to KO-Myc cells where they are coordinately down-regulated. In the latter case, where ATP generated by Oxphos is already abundant, this may permit phosphoenolpyruvate and its upstream precursors to accumulate and be diverted into anabolic pathways.
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